Transgenic mice expressing human amyloid precursor proteins (hAPP) and amyloid-␤ peptides (A␤) in neurons develop phenotypic alterations resembling Alzheimer's disease (AD). The mechanisms underlying cognitive deficits in AD and hAPP mice are largely unknown. We have identified two molecular alterations that accurately reflect AD-related cognitive impairments. Learning deficits in mice expressing familial AD-mutant hAPP correlated strongly with decreased levels of the calcium-binding protein calbindin-D 28k (CB) and the calcium-dependent immediate early gene product c-Fos in granule cells of the dentate gyrus, a brain region critically involved in learning and memory. These molecular alterations were age-dependent and correlated with the relative abundance of A␤1-42 but not with the amount of A␤ deposited in amyloid plaques. CB reductions in the dentate gyrus primarily reflected a decrease in neuronal CB levels rather than a loss of CB-producing neurons. CB levels were also markedly reduced in granule cells of humans with AD, even though these neurons are relatively resistant to AD-related cell death. Thus, neuronal populations resisting cell death in AD and hAPP mice can still be drastically altered at the molecular level. The tight link between A␤-induced cognitive deficits and neuronal depletion of CB and c-Fos suggests an involvement of calcium-dependent pathways in AD-related cognitive decline and could facilitate the preclinical evaluation of novel AD treatments.
T
he bright prospect of increasing life expectancy in many populations around the world is tempered by an alarming increase in aging-related neurodegenerative disorders (1) . Alzheimer's disease (AD), the most frequent of these conditions, causes inexorable loss of memory and other cognitive functions. Although the etiology of most AD cases remains elusive, the analysis of related transgenic (TG) mouse models is beginning to unravel the pathogenic importance of specific AD-associated molecules (2) (3) (4) (5) (6) (7) (8) . These models are also used increasingly to assess novel AD treatments (9) (10) (11) (12) (13) . Amyloid plaques are the primary pathological outcome measure in these studies, although their contribution to AD-related cognitive deficits is uncertain (4-6, 8, 14-16) . Indeed, there is an urgent need to pinpoint reliable surrogate markers of A␤-induced cognitive decline and to unravel the pathways that disrupt neuronal functions in AD and related conditions. We studied TG mice in which neuronal expression of human amyloid precursor proteins (hAPP) is directed by the plateletderived growth factor ␤ chain promoter (6) . Mice from line J20 express familial AD-mutant (K670N, M671L, V717F; hAPP770 numbering) hAPP (hAPP FAD ) and have high levels of human amyloid-␤ peptides (A␤) in the hippocampus (6) , which is heavily affected in AD and critically involved in learning and memory (17) (18) (19) . We analyzed the expression of calciumdependent proteins in the hippocampus and their relationships with cognitive deficits in hAPP FAD mice and AD, because neuronal calcium homeostasis and calcium signaling likely play critical roles in learning and memory as well as in the pathogenesis of AD (20) (21) (22) (23) .
Materials and Methods TG Mice and Behavioral Testing. Line J20 produces hAPP with the Swedish and Indiana FAD mutations; line I5 produces WT hAPP (hAPP WT ) at comparable levels (6, 24) . Mice represent F 6 -F 10 offspring of heterozygous TG mice and C57BL͞6J non-TG breeders.
Unless indicated otherwise, measurements were performed on gender-balanced groups. Male mice were tested in a Morris water maze essentially as described (14) ; see Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org, for details. Anesthetized mice were flushperfused transcardially with PBS. One hemibrain was fixed in 4% phosphate-buffered paraformaldehyde at 4°C for 48 h, and the other was stored at -70°C. All experiments were approved by the committee on animal research of the University of California, San Francisco.
Human Tissues. Fixed brain tissues of AD cases [nine women, six men; age 71-92 yr (83.7 Ϯ 6.7, mean Ϯ SD)] and nondemented controls (one woman, one man; age 71 and 74 yr) were from the Alzheimer's Disease Research Center (University of California at San Diego). AD was determined according to criteria of the Consortium to Establish a Registry for Alzheimer's Disease and the National Institute on Aging. Formalin-fixed hippocampal tissues were postfixed for 72 h in 4% phosphate-buffered paraformaldehyde.
Immunohistochemistry. Vibratome sections (50 m, mouse; 40 m, human) or sliding microtome sections (30 m, mouse) were used for fluorescence double-labeling or staining with standard avidinbiotin͞peroxidase methods. After quenching endogenous peroxidase activity and blocking nonspecific binding, sections were incubated first with rabbit anticalbindin (1:15,000, Swant, Bellinzona, Switzerland); rabbit anti-c-Fos (1:10,000, Ab-5, Oncogene); mouse mAb anti-Neu-N (1:5,000, Chemicon); or mouse mAb anti-A␤ (1:500, 3D6, Elan Pharmaceuticals, South San Francisco, CA), and then with fluorescein-labeled donkey anti-rabbit (1:300, Jackson ImmunoResearch); Texas red-labeled donkey antimouse (1:300, Jackson ImmunoResearch); biotinylated goat antirabbit (1:200, Vector Laboratories); or biotinylated goat anti-mouse (1:600, Vector Laboratories). Diaminobenzidine was used as a chromagen. Immunofluorescence was visualized by confocal microscopy.
Quantitation of Immunoreactive Structures. Digitized images were obtained with a DEI-470 digital camera (Optronics, Goleta, CA) on a BX-60 microscope (Olympus, Melville, NY). For calbindin-D 28k (CB) immunoreactivity (IR), two coronal sections (300 m apart) per mouse between -2.54 and -2.80 mm from bregma were selected. Integrated optical density (IOD) was determined with BioQuant Image Analysis (R&M Biometrics, Nashville, TN) and averaged in two areas (0.04 mm 2 each) of the molecular layer of the dentate gyrus and of the stratum radiatum of the CA1 region. Relative CB-IR levels were expressed as the ratio of IODs in the molecular layer and in the stratum radiatum of the same section. The mean ratio of non-TGs was defined as 1.0. Relative numbers of c-Fos-IR granule cells were determined by counting c-Fos-IR cells in the granular layer in every 10th serial coronal section throughout the rostrocaudal extent of the granular layer. The average percentage area of the hippocampus occupied by A␤-IR deposits was determined in four coronal sections (300 m apart) per mouse.
Western Blot and Quantitative Fluorogenic RT-PCR. Hemibrains were sectioned with a vibratome into 450-m sagittal slices, and the dentate gyrus was microdissected on ice. For protein analysis, dentate gyrus samples were individually sonicated at 4°C in buffer containing 10 mM Hepes at pH 7.4, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 1 mM Na 3 VO 4 , 10 g/ml leupeptin, 10 g/ml aprotinin, and 1% SDS and centrifuged at 5,000 ϫ g (10 min). Equal amounts of protein (by Bradford assay) were resolved by SDS͞PAGE and transferred to nitrocellulose membranes. After blocking, membranes were labeled with rabbit anti-CB (1:20,000, Swant); mouse mAb anti-hAPP (1:1,000, 8E5, Elan Pharmaceuticals); or mouse mAb anti-␣-tubulin (1:100,000, B512, Sigma), and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000, Chemicon) or goat anti-mouse IgG (1:10,000, Chemicon). Bands were visualized by enhanced chemiluminescence and quantitated by densitometry and QUANTITY ONE 4.0 software (Bio-Rad).
For quantitative fluorogenic RT-PCR, RT reactions contained 120 ng of total RNA (DNase-treated) and random hexamer plus oligo d(T) primers. Diluted reactions were analyzed with SYBR green PCR reagents and an ABI Prism 7700 sequence detector (Applied Biosystems). cDNA levels of CB, hAPP, and GAPDH were determined relative to standard curves from pooled samples. The slope of standard curves, control reactions without RT, and dissociation curves of products indicated adequate PCR quality. Primers: CB, 5Ј-GGA-AAGGAGCTGCAGAACTTGAT-3Ј, 5Ј-TTCCGGTGATAG-CTCCAATCC-3Ј; hAPP, 5Ј-GAGGAGGATGACTCGGATG-TCT-3Ј, 5Ј-AGCCACTTCTTCCTCCTCTGCTA-3Ј; GAPDH, 5Ј-GGGAAGCCCATCACCATCTT-3Ј, 5Ј-GCCTTCTCCAT-GGTGGTGAA-3Ј.
Results

CB Levels Are Reduced in the Dentate Gyrus of hAPPFAD Mice and
Humans with AD. CB is abundant in hippocampal neurons, particularly in granule cells of the dentate gyrus and pyramidal cells of the CA1 region (25) . Neuronal CB levels were significantly reduced in hAPP FAD mice (Figs. 1A and 2B), primarily in the granular layer of the dentate gyrus and in the molecular layer into which the granule cells extend their dendrites. Pyramidal cells in CA1 and their dendrites in the stratum radiatum were unaffected (Figs. 1 A and 2B). Double-labeling of brain sections from hAPP FAD mice for CB and the neuronal marker Neu-N (Fig. 1B) indicated that the CB reductions in the dentate gyrus primarily reflected a decrease in neuronal CB levels rather than loss of CB-producing neurons.
Although loss of CB-positive neurons in cortical areas of AD cases has been described (26, 27), we found no studies reporting CB reductions in granule cells of the dentate gyrus in AD. In fact, granule cells are relatively resistant to AD-associated cell death (28) . Yet, we found marked reductions in neuronal CB-IR in the dentate gyrus of AD cases, with the most striking depletions seen in the most severely demented individuals (Fig. 1D) .
CB Reductions Depend on Age, A␤, and Reduced CB mRNA Levels. CB reduction in hAPP FAD mice was age-dependent (Fig. 2 A) . Significant CB reductions in hAPP FAD mice were also detected at 6-7, 9-11, and 14-15 mo [n ϭ 4-8 mice per age and genotype (not shown)]. hAPP mice from line I5, which express hAPP WT and have much lower A␤ levels than hAPP FAD mice from line J20 (6), had no significant reductions in CB at 6-9 mo (Fig. 2 B  and C) or at 11-13 and 13-15 mo (not shown; n ϭ 8-12 hAPP WT mice and n ϭ 5-11 non-TG controls per age group). Reductions in CB-IR in 6-to 7-mo-old hAPP FAD mice correlated tightly with CB protein and mRNA levels in the dentate gyrus of the opposite hemibrain (Fig. 2 C and D) , indicating a mechanism affecting gene expression.
CB Reductions in hAPPFAD Mice Are Associated with a Decrease in
c-Fos-IR Neurons in the Dentate Gyrus. The immediate early gene c-fos is also critically dependent on calcium (23) . The number of c-Fos-IR neurons in the granular layer of the dentate gyrus was significantly reduced in hAPP FAD mice even at 4-5 mo of age and decreased further by 6-7 mo (Figs. 1C and 2 E and F). Although interindividual variations in CB and c-Fos were substantial (Figs. 1 A and 3A) , the reductions were tightly correlated in hAPP FAD mice (Fig. 3A) , suggesting the underlying mechanisms are nonrandom and overlapping.
Reductions in CB and c-Fos Correlate with Relative Abundance of A␤1-42 but Not with Plaque Load or Gender. At 6-7 mo of age, when CB and c-Fos reductions were prominent, male (n ϭ 22) and female (n ϭ 20) hAPP FAD mice showed no significant differences (P Ͼ 0.25) in the levels of CB-IR, c-Fos-IR granule cells, and percent area occupied by 3D6-IR A␤ deposits (data not shown). In the dentate gyrus of 6-to 7-mo-old hAPP FAD mice (n ϭ 9), CB mRNA, protein, and IR did not correlate with levels of hAPP FAD mRNA or protein (P Ͼ 0.7 for all six CB-hAPP FAD correlations, not shown), suggesting that the CB reductions are not caused by the expression of hAPP FAD per se.
CB and c-Fos reductions in hAPP FAD mice also did not correlate with early A␤ deposition (Fig. 3B) . When analyzed over a wider age range (4-22 mo), these reductions did not correlate with plaque load either (P Ͼ 0.6). However, they did correlate with A␤1-42͞A␤1-x ratios (Fig. 3C) , which reflect the abundance of A␤ ending at residue 42 relative to other, mostly shorter, A␤ peptides (29, 30) .
Reductions in CB and c-Fos in the Dentate Gyrus of hAPPFAD Mice
Correlate Tightly with Deficits in Learning and Memory. To further assess the pathophysiological significance of CB and c-Fos reductions in hAPP FAD mice, we analyzed mice in a Morris water maze test (14) , which is widely used to assess learning and memory (31) . Behavioral deficits in hAPP FAD mice showed a striking relationship to neuronal reductions of CB and c-Fos in the dentate gyrus (Fig. 4) .
The majority of hAPP FAD mice learned to navigate to a visible platform, demonstrating efficient cued learning (sessions 1-4), but showed significant deficits in the spatial component of the test, during which they had to use extramaze cues to locate a hidden platform in the pool (sessions 5-10) (Fig. 4A) . These hAPP FAD mice were also impaired in the probe trial (Fig. 4B) , which provides a putative measure of memory retention. In contrast, they did not differ from non-TG controls in swim speed (Fig. 4C) , suggesting that their longer escape latencies during the hidden platform sessions were not due to motor deficits.
CB levels in the dentate gyrus did not correlate with cued learning in non-TG mice or in hAPP FAD mice with deficits in spatial, but not cued, learning (Fig. 4D) . CB levels were also unrelated to performance in the first two sessions of the hidden platform training (Fig. 4E , sessions 5 and 6) before significant spatial learning was evident in non-TG mice (Fig. 4A) . However, in hAPP FAD mice, CB levels correlated tightly with spatial learning deficits in the last four sessions of hidden platform training (Fig. 4E, sessions 7-10 ), when spatial learning was clearly evident in non-TG controls (Fig. 4A ). This correlation remained strong when escape latencies or path lengths were averaged over all hidden platform trials (Fig. 4F) . The relative level of c-Fos-IR granule cells also correlated well with spatial learning in hAPP FAD mice but not in non-TG controls (Fig. 4G) .
Some hAPP FAD mice were excluded from the above analysis because they had significant deficits even in cued learning (Fig.  4H) , which confounds the interpretation of deficits in the spatial component of this test (31) . These mice had the most prominent reductions in both CB and c-Fos-IR granule cells (Fig. 4I ).
Discussion
Our study demonstrates a cause-effect relationship between the expression of hAPP FAD ͞A␤ and age-dependent reductions in CB and c-Fos in a neuronal population critically involved in learning and memory. Reductions in these calcium-dependent proteins in granule cells of the dentate gyrus correlated tightly with spatial learning deficits in hAPP FAD mice and depended on the relative abundance of A␤1-42 but not on the amount of A␤ deposited in plaques.
These findings support the hypothesis that AD-related neuronal deficits are caused by small nonfibrous A␤ assemblies rather than by plaques (4, 6, 8, 14, 15) . Although A␤ production depends on hAPP levels, the formation of neurotoxic A␤ assemblies may be influenced by many other variables including the A␤1-42͞A␤1-40 ratio and interindividual differences in the level or activity of proteins that bind or degrade A␤ (32) (33) (34) . This may explain why reductions in CB and c-Fos in hAPP FAD mice correlated with the relative abundance of A␤1-42 but not with hAPP FAD levels.
Although the exact mechanisms by which A␤ assemblies may reduce CB and c-Fos levels in granule cells remain to be determined, they might involve alterations in the function of calcium channels and other membrane proteins, chronic inflammation, and formation of pores in cell membranes, both in the dentate gyrus and in regions projecting to it (6, 21, (35) (36) (37) (38) (39) (40) (41) .
The behavioral testing of mice is time consuming, and test results obtained in different laboratories can vary (42, 43) . Plaque load is the most widely used pathological outcome measure in the preclinical assessment of anti-A␤ treatments (9-13), although it does not appear to correlate with behavioral deficits (8, 13, 44) . Our study suggests that biochemical and radiological measures reflecting CB levels in the dentate gyrus could improve the assessment of AD treatments by providing a more reliable surrogate marker of A␤-induced neuronal dysfunction.
Some hAPP FAD mice have impairments not only in the spatial but also in the cued component of the water maze test (8) (Fig.  4 H and I) . The mechanisms underlying these impairments might differ from those causing more selective spatial learning deficits quantitatively, qualitatively, or both. The visible and hidden platform components of the water maze test can involve overlapping cognitive functions (7) . Extensions of deficits from one component to the other might have been fostered here by the visibility of extramaze cues and the small size of the marker indicating the platform location during cued trials (see Supporting Text), which could promote engagement of spatial learning mechanisms. Furthermore, AD affects many brain regions besides the hippocampus, combining spatial learning deficits with other cognitive impairments. Widespread neuronal expression The relative number of c-Fos-IR neurons in the granular layer was determined in coronal sections from hAPP FAD mice (black columns and dots) and non-TG controls (empty columns and dots) (n ϭ 13-18 mice per age and genotype). Data represent group means for all sections analyzed (E) or for different rostrocaudal levels of the dentate gyrus (F). * , P Ͻ 0.05; ** , P Ͻ 0.001. (C) Hippocampal levels of A␤1-42 and A␤1-x (approximates total A␤) were determined by ELISA as described (6, 29) in hAPP FAD mice (n ϭ 18 females) over a wider range of ages (4 -22 months; mean Ϯ SD, 10.7 Ϯ 6.7 mo).
of hAPP FAD ͞A␤ may have similar effects in severely impaired TG mice.
Our results demonstrate that neuronal populations resisting cell death in AD (28) can still be drastically altered at the molecular level. The marked reduction of CB in the dentate gyrus of patients with sporadic AD demonstrates that FAD mutations are not necessary for such reductions to occur in the human condition. A␤42͞A␤40 ratios high enough to elicit CB reductions within 6 mo may be attainable in hAPP mice only by the introduction of FAD mutations, whereas A␤42͞A␤40 ratios in sporadic AD may be high enough to deplete CB levels over time even in the absence of FAD mutations. More cases will need to be analyzed to establish the extent to which CB reductions correlate with cognitive deficits in AD.
Although it is likely that diverse molecular alterations contribute to AD-associated neuronal dysfunction, the tight association between molecular and functional alterations we identified raises the question of whether reductions in CB and c-Fos not only indicate but also mediate hAPP FAD ͞A␤-dependent behavioral deficits. Because CB can protect neurons against A␤-induced toxicity (45) , the reduction of CB by A␤ could be part of a vicious cycle promoting progressive neuronal dysfunction in hAPP FAD mice and in AD. Inhibiting CB expression impaired water maze learning in TG mice (46) and prolonged increases in intraneuronal calcium after stimulation of hippocampal slices (36) . Ablation of CB also worsened neuronal deficits in a TG model of spinocerebellar ataxia-1 (47), another neurodegenerative disease with abnormal protein accumulation. Ablation or inhibition of c-Fos elicited deficits in the water maze test and related tasks (23, 48) .
These findings suggest that reductions in CB and c-Fos in hAPP FAD mice and humans with AD may not only reflect cognitive deficits but may contribute to them. The roles of these and related molecular alterations as potential indicators and mediators of neurodegenerative disease merit further investigation.
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